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ABSTRACT 

I M ~  January  1 2 ,  1 9 7 0  

FROM: T. A. Bottomley 

This  memorandum examines t h e  t i m e  c o n s t r a i n t s  imposed 
on an a s t r o n a u t  when he l a c k s  t h e  f u n c t i o n a l  c a p a b i l i t y  f o r  
i n g e s t i n g  water o r  e l i m i n a t i n g  u r i n e  du r ing  EVA. The modes and 
rates of body water losses a r e  d i scussed  and t h e  safe physiolog- 
i c a l  l i m i t s  f o r  dehydrat ion and u r i n e  accumulation are de f ined .  
These l i m i t s  are: 

a )  2 %  weight loss due t o  dehydrat ion r e s u l t i n g  i n  
seve re  t h i r s t ,  e l eva ted  h e a r t  rates, and reduced 
work c a p a c i t y ,  and 

b )  d i scomfor t  r e s u l t i n g  from t h e  need t o  mic tu ra t e  
( u r i n a t e ) .  

The r e s u l t s  of t h e  s tudy  i n d i c a t e  t h a t  Apollo EVA dur- 
a t i o n  should be l i m i t e d  t o  a maximum of s i x  hours  t o  avoid  
f u n c t i o n a l  impairment due t o  dehydra t ion  and t o  minimize discom- 
f o r t  caused by s t r o n g  t h i r s t  and t h e  need t o  mic tu ra t e .  I f  
1-2% body weight loss t o  water experienced i n  earlier Apollo 
f l i g h t s  i s  a n t i c i p a t e d  p r i o r  t o  EVA, t h e  d u r a t i o n  of EVA should 
n o t  exceed t h e  four-hour per iod  demonstrated t o  be a t t a i n a b l e  on 
Apollo 1 2 .  Extension of EVA t i m e  beyond t h e s e  l i m i t s  does n o t  
appear  f e a s i b l e  un le s s  arrangements are provided f o r  w a t e r  
i n g e s t i o n  and u r i n e  c o l l e c t i o n  i n  t h e  EMU dur ing  l u n a r  s u r f a c e  
excur s ions .  
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INTRODUCTION 

Included i n  t h e  c o n s t r a i n t s  which may be t i m e -  
l i m i t i n g  du r ing  l u n a r  su r face  e x t r a v e h i c u l a r  a c t i v i t y  are 
phys io log ica l  concerns w i t h  r ega rd  t o  dehydra t ion  and u r i n e  
e l i m i n a t i o n  ( m i c t u r a t i o n ) .  While t h e  EMU i s  designed t o  
accommodate p rov i s ions  f o r  water i n g e s t i o n  and e l i m i n a t i o n  
d u r i n g  p res su r i zed  s u i t  ope ra t ions ,  maintenance of p r e s s u r e  
i n t e g r i t y  and comfort have m i t i g a t e d  a g a i n s t  us ing  t h e  
dev ices  provided f o r  i n t r a v e h i c u l a r  use  t o  supply water and 
co l lec t  u r i n e  du r ing  EVA. 

This  memorandum examines t h e  e f f e c t s  of denying 
t h e s e  func t ions  t o  t h e  ex t r aveh icu la r  a s t r o n a u t .  The f ind -  
i n g s  are considered pre l iminary  because s u b j e c t  v a r i a b i l i t y  
and n o n - l i n e a r i t i e s  i n  some water loss modes have n o t  been 
cons idered  f u l l y  i n  t h e  q u a n t i t a t i v e  d a t a .  

DISCUSSION 

About 90% of t h e  crewmembers' water requirement i s  
supp l i ed  by d i r e c t  inges t ion .  The remaining 1 0 %  i s  obta ined  
as a by-product of food oxida t ion .  The amount of w a t e r  
i nges t ed  d i r e c t l y  i s  inf luenced  by d i e t ,  oppor tun i ty ,  environ-  
ment and i n d i v i d u a l  preference .  Water is  r e t a i n e d  as needed 
t o  e s t a b l i s h  a s u i t a b l e  w a t e r / e l e c t r o l y t e  balance i n  t h e  
body. Rel iance on t h e  t h i r s t  mechanism f o r  r e g u l a t i n g  water  
i n t a k e ,  e s p e c i a l l y  where supp l i e s  are l i m i t e d ,  u s u a l l y  r e s u l t s  
i n  voluntary  dehydrat ion.  1 

Excessive water l o s s e s  were common dur ing  e a r l y  
space  f l i g h t s  when sweat l o s s e s  w e r e  heavy. I t  became neces- 
s a r y ,  t h e r e f o r e ,  f o r  Medical Operat ions t o  program t h e  f l i g h t  
crews' water i n t a k e .  Programmed i n g e s t i o n  under c o n t r o l  of 
t h e  a s t r o n a u t  i s  s t i l l  followed on Apollo f l i g h t s .  Despi te  
t h i s  measure, c r e w  weight l o s s e s  dur ing  t h e  Apollo V I 1  and 
VI11 f l i g h t s  ranged from 2.8 t o  6.4 percen t .  The average 
weight  loss  w a s  4.5% f o r  the s i x  crew members. The amount 
of a c t u a l  body water l o s t  i s  unce r t a in .  F lu id  i n t a k e  by t h e  
Apollo V I 1  and V I 1 1  crews dur ing  . the  f i r s t  24-hours a f t e r  
recovery r e s t o r e d ,  on t h e  average,  only one- th i rd  of t h e  
E o t a l  weight loss.2 
dehydra t ion  w a s  w i th in  the  range of 1 -2% of t o t a l  body weight.  

This  sugges ts  t h a t  t h e  e x t e n t  of 
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Programmed inges t ion  of w a t e r  i n  s m a l l  amounts, a t  
f r e q u e n t  i n t e r v a l s ,  i s  recommended over  i n f r e q u e n t  i n g e s t i o n  of 
l a r g e  amounts (e .g .  1 t o  2 l i t e r s ) .  While t h e  i n t a k e  of a l a r g e  
amount of water a t  one t i m e  w i l l  reduce phys io log ica l  s t r a i n  
du r ing  stress from heat or high work l o a d s ,  it may cause 
excess ive  water loss  ( d i u r e s i s ) .  D i u r e s i s  w i l l  r e s u l t  i n  a 
n e t  loss  of body water by t h e  end of t h e  EVA. Inges t ion  of  
l a r g e  amounts of water a t  one t i m e  also may provoke g a s t r i c  
d i s t r e s s  and nausea.  1 

The avenues of water loss are: 

a .  d e f e c a t i o n  
b. m i c t u r a t i o n  
c. s e n s i b l e  ( i . e .  v i s i b l e )  p e r s p i r a t i o n ,  and 
d. i n s e n s i b l e  water from t h e  lungs and s k i n .  

The es t imated  t o t a l  w a t e r  loss i n  pounds and a s  a 
percentage  of t o t a l  body w e i g h t  du r ing  luna r  EVA is shown i n  
F igu re  1 as a func t ion  of EVA d u r a t i o n .  Water loss t o  
d e f e c a t i o n  is  n o t  shown. This loss is  approximately equal  t o  
metabolic product ion (about 1 0 % )  and i s  less than  t h e  probable  
error i n  t h e  o v e r a l l  summation. 

Mic tu ra t ion  loss normally averages about 1500 ccs/day. 
Nominal va lues  range f r o m  1 2 0 0  t o  1 8 0 0  ccs/day. Wider v a r i a -  
t i o n s  are p o s s i b l e  ranging from 400  cc/day ( t h e  minimum requ i r ed  
f o r  adequate e l i m i n a t i o n  of was te)3  t o  more than  4000 ccs/day 
( a f t e r  i n g e s t i n g  large q u a n t i t i e s  of l i q u i d s )  Urine o u t p u t  
normally i s  reduced as dehydrat ion i s  increased .  Product ion 
i s  approximately halved i f  body dehydra t ion  i s  about 2%. I t  
approaches a sympto t i ca l ly  the  minimum amount needed t o  e l i m i n a t e  
waste from t h e  kidneys ( i . e .  4 0 0  cc/day) when body dehydra t ion  
approximates 5-6 pe rcen t  . 4  
i n  F igu re  1. 

This  non- l inea r i ty  i s  not  r e f l e c t e d  

The urge t o  mic tu ra t e  occurs  when about 3 0 0  c c ' s  have 
accumulated i n  t h e  bladder. '  As shown i n  F igure  1, t h e  m i c -  
t u r a t i o n  urge w i l l  occur about 4.8 hours i n t o  t h e  EVA a t  t h e  
nominal accumulation r a t e  of 1500 cc ' s /day .  The urge  may occur  
as e a r l y  a s  4 hours  or as l a t e  a s  6 hours for  t h e  nominal range 
of accumulation r a t e  va lues .  The u r i n e  accumulation which w i l l  
c ause  p a i n f u l  d i scomfor t  i s  n o t  known by t h e  w r i t e r .  I f  it i s  
p o s t u l a t e d  t h a t  a n  accumulation of 450 cc ' s  r e s u l t s  i n  extreme 
d i scomfor t  and t h a t  t h i s  condi t ion  i s  accep tab le  only i n  case 
of cont ingency,  t hen  t h e  emergency t ime- in-su i t  l i m i t  f o r  
wi thhold ing  mic tu ra t ion  ranges from 6 t o  9 hours .  
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Sweat l o s s e s  are shown on Figure  1 a t  t h e  des ign  maxi- 
mum ra te  (130 gms/hr) permiss ib le  i n  accordance wi th  t h e  EMU 
s p e c i f i c a t i o n s .  Based on experimental  d a t a ,  t h e s e  rates may be 
r e a l i z e d  by a man working a t  1 0 0 0  Btu/hr n e a r  t h e  h igh  tempera- 
t u r e  boundary of t h e  comfort zone. While t h i s  s w e a t  r a te  i s  
r e p r e s e n t a t i v e  of a w o r s t  case c o n d i t i o n ,  t h e  demonstrated f a c t  
t h a t  t h e  crewmember i s  a poor judge of thermal  comfort  and, 
t h e r e f o r e ,  provides very coa r se  c o n t r o l  of t h e  Apollo EMU t he r -  
m a l  c o n t r o l  system, e s t a b l i s h e s  t h a t  t h i s  wors t  case cond i t ion  
i s  real. V a r i a t i o n s  i n  metabol ic  rate from 500 t o  2090 Btu/hr 
can r e s u l t  i n  v a r i a t i o n s  i n  sweat ra te  from 20 t o  300 gms/hr 
a long t h e  high temperature  boundary of t h e  comfort  zone. T h e  
des ign  of t h e  EMU does provide f o r  r e g u l a t i n g  t h e  thermal  c o n t r o l  
subsystem t o  maintain sweat rate a t  o r  below t h e  s p e c i f i c a t i o n  
l i m i t  over  m o s t  of t h e  500-2000 Btu/hr range. Accordingly, 
o p e r a t i o n a l  procedures can be implemented t o  reduce body dehydra- 
t i o n  due t o  water loss from sweat ing.  For t h e  purposes of t h i s  
s tudy ,  a s w e a t  r a te  of 130 gms/hr appears  t o  be a reasonable  
assumption as an upper l i m i t  f o r  a c r e w m e m b e r  whose average work- 
load  approximates 1000-1200 Btu/hr over  t h e  EVA pe r iod .  

I n s e n s i b l e  w a t e r  loss  i s  commonly de f ined  as non-v i s ib l e  
mois ture  loss from t h e  lungs and s k i n  by t h e  p rocesses  of vapor iz -  
a t i o n  and d i f f u s i o n .  I n s e n s i b l e  mois ture  loss  varies i n v e r s e l y  
wi th  ambient t o t a l  p re s su re  and vapor p r e s s u r e .  A t  t h e  hypobaric  
s u i t  p r e s s u r e  of 3.75 p s i a ,  i n s e n s i b l e  w a t e r  loss  from t h e  lungs  
and s k i n  w i l l  exceed normal losses (a t  one atmosphere) by a f a c t o r  
of 4 or more f o r  t h e  same temperature and workload cond i t ions .  
Under c o n s t a n t  environmental c o n d i t i o n s ,  i n s e n s i b l e  water l o s s  from 
t h e  s k i n  i s  e s s e n t i a l l y  i n v a r i a n t .  However, lung w a t e r  loss varies 
d i r e c t l y  wi th  workload s ince  r e s p i r a t i o n  ra te  i n c r e a s e s  l i n e a r l y  
wi th  metabol ic  rate. 

I t  i s  assumed a l s o  i n  F igure  1 t h a t  t h e  a s t r o n a u t s  have 
emptied t h e i r  b l adde r s  and are n o t  dehydrated a t  t h e  beginning of 
EVA. If these assumptions are v a l i d ,  t h e  crew should be a b l e  t o  
work e x t r a v e h i c u l a r l y  i n  a p res su r i zed  s u i t  f o r  a maximum of  s i x  
hours  before  t h i r s t *  and t h e  need t o  mic tu ra t e  make it necessary  
t o  t e rmina te  t h e  EVA. I f ,  however, t hey  exper ience  t h e  1-2% dehy- 
d r a t i o n  common t o  crews on earlier f l i g h t s ,  t h e i r  desire f o r  water 
and cons ide ra t ions  of f a t i g u e  and s a f e t y  argue f o r  t e rmina t ing  
each EVA a t  f o u r  hours  as demonstrated on Apollo 1 2 .  

*Both Apollo 11 and 1 2  crewmembers mentioned being very 
t h i r s t y  a t  t h e  end of their  3-4 hour EVAs.  
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Some e f f e c t s  of dehydrat ion up t o  5% ( n o t  i n d i c a t e d  on 
Figure 1) are as fo11ows:l 

1-3% Higher h e a r t  ra te  i n  submaximal work and decreased 
t i m e  t o  exhaust ion a t  maximal work. 

4-5% Deteor i a t ion  of isometric muscle s t r e n g t h ;  economy 
of movement, weariness ,  apathy,  nausea and emotional 
i n s t a b i l i t y .  

SUMMARY AND CONCLUSIONS 

Assuming no u r i n e  accumulation a t  t h e  s t a r t  of EVA, t h e  
r e s u l t s  of t h e  s tudy  i n d i c a t e  t h a t  e x t r a v e h i c u l a r  crewmembers, 
working a t  1000-1200 B tu /h r  and o p e r a t i n g  nea r  t h e  high temperature  
boundary of t h e i r  comfort zone, w i l l  reach t h e  phys io log ica l  
l i m i t  ( s )  f o r :  

a )  dehydrat ion and mic tura t ion  i n  a maximum pe r iod  of 
s i x  hours  i f  they are n o t  dehydrated when EVA i s  
i n i t i a t e d ,  and 

b)  dehydrat ion i n  t h r e e  o r  less hours  i f  they have 
experienced t h e  1-2% i n f l i g h t  dehydrat ion commonly 
noted on p a s t  Apollo f l i g h t s .  

Based on t h e  r e s u l t s  of  t h i s  a n a l y s i s ,  Apollo EVA d u r a t i o n  
should be l i m i t e d  t o  a maximum of s i x  hours  t o  avoid d e l e t e r i o u s  
effects of excess ive  dehydration (>2%) and t o  minimize a s t r o n a u t  
discomfort  caused by s t rong  t h i r s t  and t h e  need t o  mic tu ra t e .  I f  
1 - 2 %  body weight loss  t o  water i s  a n t i c i p a t e d  dur ing  t h e  f l i g h t  t o  
t h e  moon, maximum EVA du ra t ion  should be l i m i t e d  t o  f o u r  hours  t o  
i n s u r e  accep tab le  crew performance and s a f e t y .  Extension of EVA 
t ime- in-su i t  l i m i t s  beyond s i x  hours does n o t  appear f e a s i b l e  un- 
less arrangements are provided f o r  water i nges t ion"  and u r i n e  
c o l l e c t i o n  i n  t h e  EMU during luna r  s u r f a c e  excurs ions .  

The c u r r e n t  program f o r  f r equen t  i n g e s t i o n  of s m a l l  amounts 
of water by Apollo crews should be cont inued w i t h  s p e c i a l  emphasis 
g iven  dur ing  t r a i n i n g  and f l i g h t  ope ra t ions  of t h e  need t o  avoid 
i n f l i g h t  dehydrat ion and t h e  r i s k  of d i u r e s i s .  

2032-TAB-mp 

Attachment 
F igu re  1 

*A d r ink ing  water supply con ta in ing  about  one p i n t  i s  under 
development b MSC/CSD f o r  EVA use.  E a r l i e s t  e f f e c t i v i t y  w i l l  
be Apollo 13 Y 
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